The interplay between oxidative stress and other signaling pathways in the contractile machinery regulation during cardiac stress and its consequences on cardiac function remains poorly understood. We evaluated the effect of the crosstalk between β-adrenergic and redox signaling on posttranslational modifications of sarcomeric regulatory proteins, Myosin Binding Protein-C (MyBP-C) and
Introduction
Oxidative stress is common in many cardiac disorders including ischemia/reperfusion, diabetes, and hypertensive heart disease. Oxidative stress leads to impaired cardiac pump function due to changes in the expression or function of proteins that regulate the excitation contraction coupling. There is growing evidence that the cardiodepressant actions of reactive oxygen species (ROS) are not only mediated by myocardial injuries but also are attributable to subtler redox-dependent post-translational modifications of excitation contraction coupling proteins [1] . Each cardiac contraction is triggered by the release of calcium (Ca 2+ ) from the sarcoplasmic reticulum that binds on the troponin-tropomyosin regulatory complex, which activates subsequently the interaction between thick and thin filaments. Oxidative modifications of proteins involved in Ca 2+ handling during excitation contraction coupling are largely described and include inhibitory SERCA2a redox modification [2] and oxidation as well as ROSdependent hyperphosphorylation of the Ryanodine receptor [3] . Although the contractile machinery has been less studied, the sarcomere itself is also the target of oxidative modifications that further contribute to contractile dysfunctions in cardiac disease [4] . In the healthy heart, the role of such modifications to accommodate the difference in hemodynamic loads during rest and cardiac stress remains to be clarified and was the focus of the present study.
The contractile machinery is highly regulated by post-translational modifications of regulatory contractile proteins, such as Myosin Light Chain 2 (MLC2), Troponin I (TnI) and cardiac Myosin Binding Protein-C (cMyBP-C). These sarcomeric proteins are phosphorylated by ROS-sensitive enzymes [5] and can be directly impacted by ROS production [6] . Among redox-sensitive sarcomeric proteins, cMyBP-C is under the scope. Indeed, cMyBP-C is an important regulator of cardiac dynamics, a potential activator of the thin filaments that interacts with myosin [7] and titin [8] and contributes to the heart β-adrenergic response [9, 10] . cMyBP-C phosphorylation at Ser273, Ser282, and Ser302 is generally attributed to protein kinase A (PKA) and viewed as a mechanism that modulates the kinetic of thick-thin filament interactions and increases force generation [11] . In the last decade, cMyBP-C was shown to be a preferential target of S-glutathionylation, a reversible post-translational modification between glutathione (GSH) and redox-sensitive cysteines of proteins activated during oxidative stress (see [12] for review). S-glutathionylation of cMyBP-C was identified first in a proteomic screen of cardiomyocytes stimulated in vitro with oxidized GSH or diamide a thiol selective oxidant [13] . The functional consequences of cMyBP-C S-glutathionylation were demonstrated later in the deoxycorticosterone acetate-salt hypertensive mouse model [14] . The level of cMyBP-C Sglutathionylation was correlated with diastolic dysfunction without apparent change in cellular Ca 2+ fluxes [14] . The ROS associated with the disease induced S-glutathionylation of cMyBP-C, which slowed cross-bridge kinetics and increased Ca 2+ sensitivity. Several cysteines of cMyBP-C can be Sglutathionylated in vitro and lead to an increase in myofilament Ca 2+sensitivity [15, 16] . Previous experiments have found that every cardiac myofilament protein, except TnT and MLC2 has a cysteine that can be modified by oxidants [17, 18] . Among them all proteins are not S-glutathionylated. A highmolecular-weight protein, which could be titin has been identified as a likely target of Sglutathionylation following myocardial infarction [19] . Later a study showed clearly in vitro that titin can be S-glutathionylated [20] . Interestingly, an interaction between phosphorylation and Sglutathionylation of cMyBP-C was explicitly demonstrated in vitro [16] . Reduced site-specific cMyBP-C phosphorylation is accompanied by increased protein S-glutathionylation in ventricular tissue from patients with heart failure. The link between pathways and the functional consequences remains unclear in particular in vivo.
Therefore, the aim of the present study was to focus on the cardiac functional consequences of myofilament protein post-translational modifications induced by ROS or ROS-activated signaling enzymes. We particularly investigated cMyBP-C and cTnI. The β-adrenergic signaling and oxidative stress pathways were differentially activated by modulating in intensity and duration the physiological stress induced by exercise. We observed that depending on the stress duration, the cardiomyocyte contractile machinery is targeted by different post-translational modifications that differentially affect the cardiomyocyte contractile function in vivo.
Materials and Methods
Animal studies. Male Wistar rats (12- week-old, n=78; weight=361±4 g; Janvier, France) were housed with a 12-hour light-dark cycle and free access to water and food. All investigations conformed to the European Parliament Directive 2010/63/EU and were approved by the local ethics committee (Comité d'éthique pour l'expérimentation animale Languedoc-Roussillon, n° CEEA-00322.03). All rats were familiarized with the treadmill by running at 15 m/min for 15min daily for a week. Afterwards, to achieve different degrees of activation of the pathways investigated, some rats performed a bout of exercise at 20m/min (about 65% of the maximal aerobic velocity, MAV) for 35min (Low stress induced by exercise, LSE group) or until exhaustion for about 3 hours (186.7±14.6 min) to induce a high stressinduced by exercise (HSE) [21] . LSE and HSE animals were compared with non-runners (control group).
Animals were regularly given access to water during the exercise protocol to avoid dehydration and hypovolemia. Other rats (n=12) were treated with 50mg/kg N-acetyl cystein (NAC) by i.p. injection 48 hours and 1 hour before HSE (HSE+NAC group). To study the modifications persisting after exercise, all experiments were performed after a recovery of 30min.
In vivo cardiac function analysis. Rats were anesthetized with ketamine and xylazine (75mg/kg and 15mg/kg respectively, i.p.) for echocardiography (MyLab 30 ESAOTE), as previously described [22] . Isolated perfused hearts. Isolated hearts were retrogradely perfused and LV function evaluated all along the procedure, as described [23] , in presence or not of 80µmol/L 1,3-bis-2chloroethyl-1-nitrourea (BCNU), a glutathione reductase inhibitor, for 5min (8) , or with 0.1µM ISO for 5min (n=4).
Force measurements in permeabilized cardiomyocytes. Isometric force was measured in single cardiomyocytes permeabilized with 0.3% Triton X-100 for 5min. [22] The relationship between Ca 2+activated force and internal Ca 2+ concentration was measured at a SL of 2.3µm and fitted using a modified Hill equation. To mimic β-adrenergic stimulation, some permeabilized cardiomyocytes were Statistical analysis. Statistics were performed using StatView 5.0 (SAS Institute, Cary, NC). Data are presented as the mean±SEM. Differences were assessed with the one-way ANOVA when appropriate. When significant interactions were found, a Bonferroni post hoc test was applied with p< 0.05.
Results

S-glutathionylation affects post-translational modifications of contractile proteins and cardiac function in rats
Isolated control hearts were perfused with or without an inhibitor of glutathione reductase activity (BCNU). Glutathione reductase inhibition decreases the cellular reduced/oxidized glutathione ratio (GSH/GSSG), leading to protein S-glutathionylation [24] . Perfusion of isolated hearts with BCNU reduced markedly the level of free GSH as well as the GSH/GSSG ratio ( Fig. S1 ) without impacting MDA ( Fig S1B) , used as a marker of lipid peroxidation. In line with altered GSH/GSSG ratio, BCNU increased the level of S-glutathionylated cMyBP-C ( Fig. 1A ). Regarding regulatory proteins of sarcomeric function, S-glutathionylation was specific to cMyBP-C and did not affect the other regulatory protein cTnI ( Fig. 1B) . Interestingly, the phosphorylation levels of cMyBP-C and TnI at PKA sites were decreased in particular for cMyBP-C ( Fig. 1C and 1D ). This was not due to a reduction of PKA activity with BCNU treatment since the level of PKA activity was not altered (Fig. 1E ). Those post-translational modifications of cMyBP-C and TnI were associated with changes in the contractile machinery properties investigated in permeabilized cardiomyocytes. The relationship between the Ca 2+activated tension and the amount of Ca 2+ (pCa=-log[Ca 2+ ]) was altered in BCNU-treated myocytes compared with control cells (Fig. 1F ). The maximal active tension was decreased by BCNU ( Fig. 1F and 1H). The Ca 2+ sensitivity of myofilaments, assessed as the pCa that develops half of the maximal tension (pCa50), was higher in BCNU-treated myocytes than in controls ( Fig. 1G and 1I ). The diastolic stiffness of the myocytes was determined by measuring the level of passive tension developed when stretching the myocyte from the slack length (≈1.8µm) to 2.0 and 2.3µm of SL in absence of Ca 2+ .
Passive tension was not significantly altered by BCNU although a tendency to increase was observed ( Fig. 1J ). Increasing the amount of oxidized GSH altered the contractile properties of the whole heart evaluated ex vivo using a Langendorff isolated perfused heart model to control cardiac preload, afterload, heart rate and circulating factors. The LV diastolic properties were altered as indicated by the tendency to higher LV diastolic pressure ( Fig. 1K ) and significant lower relaxation velocity dP/dtmin ( Fig. 1N) in BCNU-perfused hearts compared with untreated samples. Systolic function was also altered, as indicated by the lower LV systolic pressure ( Fig. 1L ) and contraction velocity dP/dtmax ( Fig. 1M ). In conclusion, high oxidized GSH levels induce negative effects on both diastolic and systolic contractile properties, possibly via protein S-glutathionylation and decreased phosphorylation of regulatory contractile proteins.
Differential balance between β-adrenergic and oxidative pathways mediated by low and high stress-induced by exercise
We explored the physiological relevance of the interaction between protein S-glutathionylation and PKA-dependent phosphorylations in a context of acute physical exercise, known to activate both βadrenergic and oxidative pathways [25] . Moderate physiological cardiac stress was achieved in vivo with a single 35min exercise (Low stress induced by exercise, LSE). For high stress induced by exercise (HSE), animals ran until exhaustion. The degree of β-adrenergic signaling pathway activation was determined by measuring the activity of its intracellular effector PKA ( Fig. 2A ). PKA activity was increased by 15% in LSE hearts and by 30% with HSE to a level reached when isolated control hearts were stimulated ex vivo with isoprenaline (ISO). The phosphorylation levels of cMyBP-C and TnI on PKA sites ( Fig. 2B ) were both increased with LSE compared with control hearts. The level of TnI phosphorylation after LSE was however lower when compared to hearts directly treated ex vivo with ISO. Interestingly the levels of cMyBP-C and TnI phosphorylation were similar to control hearts after HSE despite the increase in PKA activity (Fig. 2B ).
The level of oxidative stress produced by cardiac stress was evaluated by several markers. A marker of lipid peroxidation, MDA, was increased significantly by 66% after LSE and by 240% with HSE compared with controls ( Fig. 2C ). ISO stimulated hearts had also a higher MDA content of 160%. Both LSE and HSE had no effect on irreversible post-translational modifications such as the protein carbonylation ( Fig. S2B ). We also measured the level of free GSH as well as the GSH/GSSG ratio ( Fig.   2D and 2E), which reflect the degree of oxidative stress and altered cellular redox state. Both parameters were unchanged with LSE and significantly decreased with HSE or isoprenaline stimulation. This reflects an increase in oxidized glutathione content and decrease in free glutathione with HSE and isoprenaline stimulation. The level of S-glutathionylated cMyBP-C was increased in all conditions of stress, LSE, HSE and ISO ( Fig. 2F ). Altogether, the results indicate that these stress protocols provide as expected differential levels of activation of β-adrenergic and oxidative pathways associated with different post-translational modifications of regulatory proteins.
Under these different stresses and modifications, myofilament contractility was unchanged by LSE and altered by HSE ( Fig. 3A and 3B ). The maximal active tension was decreased ( Fig. 3A and 3C ) and the Ca 2+ sensitivity of myofilaments (pCa50) increased in HSE myocytes compared with controls ( Fig. 3B and 3D). Finally, the diastolic properties were altered, as indicated by the higher passive tension induced by HSE compared with control myocytes after a stretch to 2.3µm of SL in relaxing solution (Fig. 3E ).
LSE had modest impact on the whole heart contractility measured ex vivo in isolated perfused heart model. In such conditions, systolic parameters, such as the developed pressure ( Fig. 3F ) and dP/dtmax, ( Fig. 3G ) were similar after LSE to control hearts and only relaxation velocity dP/dtmin, tended to increase ( Fig. 3H ). Conversely, after HSE all systolic and diastolic parameters were reduced compared to control hearts ( Fig. 3F to 3H ). Finally, in another set of rats, cardiac contractile function was measured in vivo by echocardiography after a resting period of 30min under anesthesia ( Fig. 3E) . No difference of heart rate was observed between groups (supplemental Table S2 ). The left ventricular diastolic end diameter was increased after LSE and reduced after HSE compared with controls. The left systolic ventricular end diameter decreased only after HSE. Systolic function was increased only after LSE as indicated by the higher LV shortening fraction ( Fig. 3I , Supplemental Table S2 ) and LV systolic wall motion velocity (Sm), evaluated by tissue Doppler imaging compared with controls (Supplemental Table S2 ). The 
Preventing redox modifications reduces the stress-induced by exercise
N-acetylcysteine (NAC), a cell-permeable cysteine precursor shown to replenish intracellular GSH levels [26] , was administrated to rats to limit the activation of protein S-glutathionylation after HSE.
MDA levels in HSE hearts were normalized to those of control rats (Fig. S2 ). Moreover the levels of free GSH as well as the GSH/GSSG ratio in HSE-NAC were significantly higher than HSE (Fig. 4A ). NAC also prevented the increased level of S-glutathionylated cMyBP-C after HSE (Fig. 4B ). Relative to controls, the levels of PKA-dependent phosphorylations were reduced for cMyBP-C and unchanged for TnI. In isolated hearts, systolic parameters such as the LV developed pressure tended to be higher in hearts from HSE+NAC rats compared with untreated HSE animals ( Fig. 4C ) and the difference reach significance regarding dP/dtmax, (Fig. 4D ). The impaired relaxation (dP/dtmin) after HSE was completely prevented by NAC ( Fig. 4E) . At the level of the contractile machinery, NAC pre-treatment had no effect on the maximal active tension (Fig. 4F ) but prevented the changes induced by HSE on the passive tension and myofilament Ca 2+ sensitivity (Fig. 4, G and H) .
Incubation of permeabilized myocytes with the recombinant PKA catalytic subunit led to a reduction in the myofilament Ca 2+ sensitivity (Fig. 4H ) in control myocytes, as previously reported [10] . Conversely, myofilaments became insensitive to PKA after HSE. Similar results, as well as impaired relaxation, were previously obtained in transgenic mouse models in which TnI could not be phosphorylated by PKA [27] or cMyBP-C was absent [10, 28] . Interestingly, the myofilament sensitivity to PKA was maintained in the HSE+NAC group, as shown by the reduction in pCa50 upon incubation with recombinant PKA catalytic subunit (Fig. 4H) . Altogether, the results indicate that HSE alters the contractile properties through a redox-dependent mechanism.
Discussion
In this study, we investigated the intrinsic contractile defects that persist in the myocardium after physiological cardiac stress induced by different levels of physical activity. We observed that following increased cardiac workload, the contractile machinery is the target of reversible post-translational modifications that affect the cardiac function in vivo. Specifically, moderate exercise induced persistent S-glutathionylation of the regulatory protein cMyBP-C and PKA-dependent phosphorylation of cMyBP-C and TnI that have positive effect on systolic cardiac function. On the other hand, higher cardiac stress induced by prolonged exercise led to cardiac dysfunction with persistent cMyBP-C Sglutathionylation that interfered on the PKA-dependent phosphorylation levels. Our study highlights a crosstalk between S-glutathionylation and phosphorylation of cardiac contractile regulatory proteins resulting in differential cardiac modulations (Fig. S3 ).
Intrinsic cardiac dysfunction after prolonged exhaustive exercise.
Acute high cardiac stress induced in vivo diastolic dysfunction with preserved systolic contractile function. This is in accordance with previous clinical [29] and experimental [21] studies showing that HSE induces transient early reduction of LV diastolic function with secondary altered systolic function following longer exercise [30] . Cardiac effects of prolonged exhaustive exercise have never been compared to the effects of a shorter exercise bout. We observed that moderate cardiac stress (LSE) increased systolic function. This beneficial effect on cardiac function disappears with prolonged stress (HSE) with the appearance of in vivo diastolic dysfunction and alteration of some systolic parameters function. The mechanisms underlying the decreased LV function after prolonged exhaustive exercise are unclear, but could involve in humans 1) diminution in blood volume due to dehydration that could reduce cardiac preload leading to decreased ventricular performance without direct alteration of cardiac contractility [31] or 2) intrinsic alterations independent of blood volume changes. Our investigation on isolated perfused hearts normalized loading conditions, heart rate and circulating factors between groups, and detected both systolic and diastolic dysfunctions in HSE. Such intrinsic systolic abnormalities were probably compensated in vivo by high levels of plasma epinephrine and norepinephrine previously reported in similar conditions of HSE [21] . Consistent is the high level of PKA activity measured here in the myocardium after HSE to the same extent as observed with isoprenaline perfusion. In vivo, the heart is clearly under the regulation of the autonomic nervous system during exercise and recovery [32] .
The complete recovery of the sympathovagal balance after the end of exercise may take up 48 hours [33] and is negatively impacted by the duration of exercise [34] . The β-adrenergic pathway plays a key role in the functional and molecular cardiac responses to exercise. However, the β-adrenergic pathway per se does not seem to be necessary to observe HSE-induced biochemical and functional modifications. In There are several potential mechanisms for diastolic dysfunction. One is increased diastolic Ca 2+ resulting in a slowed ventricular relaxation and diastolic dysfunction. Alternatively, myofilament crossbridge kinetics and response to Ca 2+ are regulated and, if altered, could contribute to diastolic dysfunction ( [35] [36] [37] ). There is now various evidences that show clearly the link between myofilament S-glutationylation and impaired cardiac function. The group of Solaro has clearly showed in models of hypertension and familial hypertrophic myopathy [14, 38, 39 ] that S-glutationylation of cMyBP-C slowed cross-bridge cycling kinetics and increased Ca 2+ sensitivity, which result is diastolic dysfunction.
Those diastolic abnormalities occur with no change in the Ca 2+ transients suggesting that the dysfunction occurs at the level of the sarcomere. Consistent with those previous findings, we evaluated the effect of HSE on cross-bridge cycling kinetics by measuring Ktr after a release-restretch protocol. Ktr was significantly decreased after HSE consistent with a slower cross-bridge cycling kinetic (Fig. S4 ).
Alternatively, diastolic changes of the heart and cardiomyocytes could be due to the giant elastic protein titin. The relationship between higher cellular stiffness and increased myofilament Ca 2+ sensitivity observed after HSE is consistent with previous reports indicating that the level of titin-based passive tension can influence the myofilament Ca 2+ sensitivity [40] [41] [42] . Additionally, S-glutathionylation has been clearly shown in vitro to target titin [20] . We performed some exploratory experiments showing that S-glutathionylation of titin increases with our cardiac stress conditions LSE, HSE and after BCNU treatment ( Fig S5) . It is to note that no sign of titin degradation is observed in all conditions. Sglutathionylation of titin may not explain alone the higher passive tension after HSE since previous report showed in vitro a reduction of passive tension with S-glutathionylation of titin [20] . Changes in titin phosphorylation by PKA, PKC, PKG or CamKII are also expected to affect the level of passive tension [43, 44] . Muller, et al. reported that a single bout of 15 min exercise in rat increased cellular stiffness and altered PEVK titin phosphorylations probably mediated by PKCα [45] . Moreover, PKG pathway has been shown to be very important in increasing passive tension in heart failure with preserved ejection fraction [43, 44] . Thus, considering the complex regulation of titin by various redox post-translational modifications and the impact on both passive and active contractile properties, further studies are required to elucidate the exact participation of titin S-glutathionylation and phopshorylations in the contractile changes observed after cardiac stress.
Cardiac stress intensity and function
We propose from our experiments that β-adrenergic signaling pathway activation increased cardiac workload that induced oxidative stress. This consequently activated S-glutathionylation mechanisms that finally affected cardiac function. How to explain the different effects of cardiac stress in our study?
We observed that both moderate and high cardiac stress increased S-glutathionylation of cMyBP-C.
Considering that GSH can prevent damage to important cellular components caused by ROS, it is not surprising that S-glutathionylation is activated early [46] . Importantly, we did not detect any sign of major carbonylation, an irreversible redox modification, of contractile proteins (Fig. S2 ). This is consistent with previous studies suggesting that direct oxidative modifications of sarcomeric proteins lead to a decrease in force generation, whereas sarcomeric protein phosphorylation by ROS-activated enzymes decrease myofilament Ca 2+ sensitivity, which is not observed here [4] . A main difference between stress conditions was that only moderate stress increased the level of cMyBP-C and TnI phosphorylation. Oxidative stress is a key intermediate in intense exercise-induced myocardium injury [47] . In presence of NAC, HSE induced no persistent oxidative stress (normal MDA level), no Sglutathionylation and no PKA-dependent phosphorylation resulting in normal cardiac function. This is consistent with previous publications showing that restoring redox balance either by relieving NOS uncoupling in the DOCA-salt hypertensive mouse model [38] or using NAC in a familial hypertrophic cardiomyopathy mouse model [39] restored diastolic function in correlation with a reduction of Sglutathionylation of cMyBP-C.
Differences in the stimulus intensity and more importantly duration may explain different effects on the levels of cMyBP-C and TnI post-translational modifications and cardiac function. Firstly, oxidation can affect kinase activities. Hydrogen peroxide can activate type I PKA, which then translocates from the cytosol to the nuclear and myofilament compartments in cardiomyocytes in a cAMP-independent manner [48] . Similarly, PKA activity is enhanced in mild oxidizing conditions, or after short exposure to oxidants [49] . In contrast, longer or higher concentrations of the oxidant diamide inhibit PKA phosphorylation in the same conditions [49] . PKA is protected from oxidation in the inactive tetrameric state, but is susceptible to oxidation and S-glutathionylation upon activation [49] . The catalytic subunit can be protected against irreversible oxidation-induced inactivation by S-glutathionylation or by disulfide linkage to the regulatory subunit II of PKA. In our study, PKA activity remained increased by 15% with moderate exercise and by 30% with HSE to a level reached when isolated control hearts were stimulated ex-vivo with isoprenaline ( Fig. 2) . Thus, the reduced phosphorylation levels on PKA sites after HSE cannot be explained by a reduced kinase activity. However, it cannot be excluded that oxidation may modulate PKA phosphorylation via indirect routes by acting on phosphatases [49] .
Secondly, S-glutathionylation itself could prevent phosphorylations on specific sites. Previous publications showed that several cysteines of cMyBP-C can be S-glutathionylated in vitro [15, 16] .
Stathopoulou et al [16] showed that in vitro S-glutathionylation of Cys249, localized near the phosphorylation sites, attenuated phosphorylations by protein kinases (PKA and CaMKII). This may explain why after HSE, PKA-mediated phosphorylation of TnI and cMyBP-C was similar in control and HSE hearts despite higher PKA activity ( Fig. 2A) and why myofilaments contractile properties were unchanged by recombinant PKA catalytic subunit incubation. Interestingly, similar myofilament insensitivity to PKA was observed previously in transgenic mouse models in which TnI [27] or cMyBP-C [10] could not be phosphorylated on PKA sites. The BCNU experiments confirmed the direct link between increased GSSG and cMyBP-C S-glutathionylation amounts, the reduced phosphorylation of regulatory contractile proteins and the cardiac dysfunction with no impact on β-adrenergic signaling pathway ( Figure 1E ) and oxidative stress (Supplemental Figure 1B) . Adaptive responses associated with environmental stressors are critical to cell survival. Under conditions when cellular redox and antioxidant defenses are overwhelmed, the selective oxidation of critical residues within selected protein sensors functions to down-regulate energy metabolism and the further generation of ROS. This may ensure minimal nonspecific cellular damage, allowing for rapid restoration of cellular function through repair of oxidized proteins.
Study limitation:
In our study, we used an antibody approach to detect S-glutathionylation and not an analytical approach.
We thus analyzed only global S-glutathionylation status with the limitations of the detection. In particular, we cannot specifically indify the Cysteines modified and to which extent they are Sglutathionylated as a function of the duration/intensity of exercise/oxidative stress. The relative contribution of S-glutathionylation to reduce cMyBP-C PKA-dependent phosphorylation and to inhibit or prevent PKA activity on the effect of HSE on cardiac function needs to be investigated more precisely.
Only young male rats were tested in this study. Age-and gender-related factors could significantly influence cardiac response to exercise and subsequent cardiac remodeling. Experiments were performed 30 min after exercise and future studies should determine if such reversible changes could become irreversible when the exercise is repeated and lead to potential deleterious heart remodeling, as observed during heart failure.
Taking all these consideration together, our results pave the way: 1/ to further studies to investigate the pathophysiology and for instance propose various modalities of training to reduce these deleterious effects induced by strenuous exercise, and 2/ to pharmacological prevention of such deleterious effect of strenuous exercise. Indeed, activation of the glutathione system is easily available in daily practice (NAC) and above all, innocuity is well-established. Other candidates with anti-oxidative properties could be tested.
Conclusion:
In summary, we demonstrate the importance of both adrenergic and oxidative stress signaling pathways in regulating/dysregulating cardiac function. We show that both pathways work in concert to alter myofilament properties and cardiac function. Depending on the intensity/duration of the stress, we showed that dynamic regulations of the pathways with redox alterations can blunt the adrenergic signaling pathways and lead to cardiac dysfunction. Whether such reversible changes could become irreversible and constitute a key trigger of deleterious heart remodeling, as observed during heart failure remains to be investigated. were incubated in a microplate precoated with substrate. The assay was developed with tetramethylbenzidine substrate and color development was stopped with acid stop solution.
Abbreviations
Absorbance measured at 450 nm in a microplate reader was divided by total protein (μg) per sample and the data represented as relative PKA activity. 
Supplemental
